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Abstract—This paper serves as an evaluation of an experimen-
tal wireless communications technique called space-time coded
massive (STCM) multiple-input multiple-output (MIMO). The
STCM-MIMO system utilizes two massive MIMO antenna arrays
which transmit data over two channel vectors to a user with one
receive antenna. This configuration permits the system to use the
asymptotic orthogonal qualities of massive MIMO pre-coding to
eliminate the interference from other users’ channel vectors and
signals. The system also maintains the diversity of space-time
codes to recover lost data through treating each transmitting
massive MIMO array similarly to how a 2x1 Alamouti space-
time code would treat each transmitting antenna. Our results
show that a wireless system with the proposed STCM-MIMO
technology can significantly outperform those with space-time
coding techniques.

Index Terms—Massive MIMO, Space-Time Coding, Wireless
Systems, Reliability, Interference Cancellation, Multi-Users

1 Introduction

HE primary objective of future wireless communication

systems is to fulfill the demands of emerging bandwidth-
hungry multimedia applications and to serve the rapidly grow-
ing density of wireless users. Current wireless communication
technologies may fail to meet such growing demands. Con-
sequently, new techniques need to be explored to discover
a reliable and capable system to be used for future wireless
cellular networks.

The space-time coding technique is one of the promising
wireless technologies that can enhance the reliability and
capacity of wireless networks. They operate efficiently through
an effect called diversity. Past works from [1], [2] have
discussed that diversity is measured off the number of antennas
used and thus how many channels are created between the base
station and the mobile terminal. The space-time diversity effect
allows for greater signal clarity, because multiple copies of
the symbols are transmitted over the channels to recover faded
data. A very efficient space-time coding system, which permits
full diversity while maintaining the data rate of the system,
was reported in [3]. Both [3] and [4] have analyzed how
the orthogonal qualities of the system allow for simple linear
processing at the receiver. Although the space-time codes are
powerful and capable of enhancing the data rate and reliability
of wireless systems, they may fail to efficiently accommodate
the growing density in multi-user wireless systems.

Massive multiple-input multiple-output (MIMO) is an
emerging technology that can solve the limited bandwidth
issue, of wireless communication systems, to accommodate a
larger density of users. The main idea of massive MIMO is to

use a large number of transmit antennas at a base station with
linear pre-coding and combining, respectively, to eliminate
interfering signals at the mobile station [5]. The signal clarity
and efficient bandwidth usage of massive MIMO are further
discussed at great lengths by [6—14] with regard to the linear
pre-coding. Linear pre-coding involves the exploitation of
the asymptotic orthogonal qualities of the system’s channel
vectors. With a base station composed of a large number of
transmit antennas, Hermitian pre-coding can be implemented.
Hermitian pre-coding was proposed in [15], which involves
applying the complex-transpose of the channel vectors to
estimate the signal.

In this paper, we propose a new wireless technology that
uses the advantages of the space-time codes and massive
MIMO systems, and we therefore call it space-time coded
massive (STCM)-MIMO. The proposed system benefits from
the diversity feature of space-time codes, and the interference
cancellation capability of massive MIMO systems. The diver-
sity of space-time codes will be preserved in the proposed
system by treating multiple arrays of massive MIMO transmit
antenna elements, similarly to how a space-time code would
treat its individual transmit antennas. This arrangement will
allow an antenna array to transmit data over a channel vector
to the receiver, while each additional antenna array does the
same over other channel vectors.

When the number of transmit antennas are much larger than
the number of receive antennas, [16—18] explain that the law
of large numbers permits massive MIMO systems to treat the
channels as being orthogonal, which allows for an approximate
elimination the other signals’ and channels’ interference to the
desired signal. This concept will be combined in the proposed
STCM-MIMO system as two separate massive MIMO systems
working in tandem at a base station in order to eliminate
the interference of the signals and channels not directed at
the desired users. Our results show that a wireless system
with the proposed STCM-MIMO technology can significantly
outperform ones with space-time coding techniques.

2 Space-Time Codes

Space-time codes diversify a transmitted signal through both
the space and time domains. The space domain is represented
by the number of transmit antennas being utilized at the base
station, which allows data to be transmitted simultaneously to
the receiver. The time domain is represented by multiple time
blocks that the signal is transmitted over. For example, in the
Alamouti scheme [3] a base station transmits a signal with two
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transmit antennas to the wireless user. In particular, the base
station transmits symbols sy and s; simultaneously from the
two antennas at the first time block, at time ¢. Then symbols
—s7 and s are transmitted from the same two antennas at the
second time block, at time ¢ + 1" (see Table I).

TABLE I: Space-Time Alamouti Code Matrix

Antenna 0 Antenna 1
Time t 50 S1
Time t+T s] BN

The Alamouti Code takes advantage of this linear system
and makes use of the orthogonal qualities of the transmit
signal to accurately estimate the signal at the receiver. For an
Alamouti transmit system, consisting of two transmit antennas
and one receive antenna, the received signals can be written
as [3]

ro = T(t) = hoso + h1s1 + nog

1
ler(t+T):—h()8>{+h183+ﬂ1 ( )

where o and r; are the received signals at time ¢ and ¢t + T
respectively, ho is the channel over which symbol sy at
time ¢ and symbol —sj at time ¢ 4+ T are sent, hy is the
channel utilized to send symbol s; at time ¢ and symbol s at
time ¢t + T, and ny and n, are the additive white Gaussian
noise (AWGN) the signal encounters during transmission.
Both hy and h; are represented by fading coefficients which
are generalized as ape’? and a1e/% respectively [3]. The
received signals are then linearly combined at the receiver
where the Alamouti Code exploits the orthogonal qualities of
the system. The combined signals can be represented by

§0 = hSTO + hl’/‘T 2

§1 = hT’I‘o - ho?“iK ( )
where 5y and 57 are sent to the likelihood detector to estimate
sp and s; respectively. By utilizing this method, the redun-
dancy of the transmitted symbols allows the system to recover
data that may have been lost or heavily distorted during
transmission. This is a product of the diversity that space-time
codes enable in their utilization in wireless communication
systems. A model of the 2x1 Alamouti system can be seen
in Figure 1 for reference.
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y—
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Fig. 1: 2 x 1 Alamouti Model
Diversity is the desirable product of space-time codes that
will be used in the new proposed system in the space-time
coded massive MIMO section of this report.

3 Massive MIMO

Massive MIMO applies a concept of pre-coding that enables
a signal to be estimated very efficiently at the receiver. The
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Output
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theory behind the massive MIMO pre-coding is that with a
large number of transmit antennas, a signal can be transmitted
to a specific user and transmit data over the same bandwidth
occupied by many other users [11]. Figure 2 is a massive
MIMO model, with one user, visually depicting how the
channel vector is exploited by the signal pre-coding.

This technique works due to the asymptotic orthogonal na-
ture of the channels with respect to the number of transmitting
antennas. The signal is pre-coded at the transmitter with the
Hermitian of the channel vector, whose length is equal to the
number of transmit antennas used in the system. The massive
MIMO linear processing can be represented as [7], [8]:

K
Yo = W(l)qhoSo + wahosj +n
Jj#0

3)

where yq is the received signal, wq is the pre-coding vector
parameter, hg is the channel vector composed of all the fading
constant values of the channels from each transmitting antenna
to the receive antenna, K is the number of mobile users, and
w; are the pre-coded channel vectors utilized to transmit to
additional users. In Equation 3 w; and s; are interference at
the desired user’s receiver. The pre-coding vector parameter is
defined as:

Wo = %ho
where wq corresponds to channel hy and M is the number of
transmit antennas. The asymptotic orthogonal property allows
the interference of the signal to be greatly reduced, as long
as the number of transmit antennas is much greater than the
number of receive antennas [7], [8].

“4)

1 1
Hy 2 . 2 _
wy hg = —||ho||* = ]V}lm —M||h0|| =1 -

1 1
wilh, = thfhl = lim_ thfhl =0

Equation 5 depicts the asymptotic orthogonal properties of
the channel vectors when the two channels are mismatched.
As M goes to infinity, the value of the asymptotic orthogonal
channel vectors’ product, goes to zero. When the channel
vectors are matched and M goes to infinity, their squared
magnitude approaches the value of M, allowing their product
to go to one. Equation 5 further implies the larger number of
transmit antennas that are used at the base station, the less
the signal interference is, with minimal error in the process of
transmission. For example, if Equation 3 is evaluated with a
large value of M, the equation ideally becomes yo = so+0-+n,
leaving the original signal and the AWGN.

ho

Input
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Output
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Fig. 2: Traditional Massive MIMO.
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Adding additional users to the massive MIMO system al-
lows their pre-coded signals to be evaluated across the channel
vector of the desired user. The other users’ pre-coded channel
vectors are orthogonal to the desired user’s channel vector, so
the value of their interference approaches zero.

4 Space-Time Coded Massive MIMO

The proposed technique of this paper, for developing a
viable next generation wireless communication system, uti-
lizes the diversity of space-time codes and the pre-coding of
massive MIMO. To accomplish this goal, a base station with
two arrays of M number of transmit antennas transmitting to
users with one receive antenna are considered. A model of this
STCM-MIMO system can be viewed in Figure 3.

WoSo  -Wosi

s, Input
— TX RX

[ A

Fig. 3: Space-Time Coded Massive MIMO.

In so doing, the orthogonal channel vectors eliminate most
of the interference from other peripheral signals. With the mas-
sive MIMO portion of the system implemented, the Alamouti
space-time matrix can be utilized, which can be seen in Table 1.
The symbols, in the corresponding time block, are transmitted
from the two massive MIMO arrays in the space dimension of
the matrix, from Array O and Array 1. The Alamouti space-
time matrix permits the system to transmit multiple copies of
the original signals in a subsequent time slot, allowing for
signal diversity and clarity. Equation 6 can now be be applied
to ideally exploit both the space-time coding and massive
MIMO systems in the combined scheme.

7o = 7#(t) = wlhgso + wihys

K-1
+ Z (wiihosa; + w3, h1s(241)) + fo
J#0
(6)
71 =7t +T)=—wilhgst + wi'h;s}
K-1
+ D (- wiihosty; 1) + Wik yhush;) +
Jj#0

When the signals are received, they are now able to follow the
linear combination of the Alamouti Code and take advantage
of its diversity. The combined signals can be expressed as
Equation 7 B B .
S0 = |hol|*7o + |[ha[*7}

51.= [|ha[*7o — |[hol|*7]

)

where Sy and s; are then sent to the likelihood detector to
estimate sy and s;. In order to evaluate this system fairly,
the power of the transmit signals in both STCM-MIMO and
Alamouti scheme are normalized to one. This allows for the

Output %,
T
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STCM-MIMO system to be evaluated at the same overall
power that the Alamouti system radiates with two antennas.

Through this process, the signal undergoes the pre-coding
techniques of a massive MIMO system, which eliminated
most of the interference from other users and other channels,
and also undergoes the Alamouti space-time diversity scheme,
which allowed signals that were distorted by AWGN, to be
reevaluated and recovered from the redundancy of the space-
time aspect of the system.

5 Computer Experiment Results

Figure 4 demonstrates the bit error rate (BER) efficiency
of the proposed STCM-MIMO system with a comparison to
the Alamouti space-time code. The proposed STCM-MIMO
system utilizes two massive MIMO transmit antenna arrays of
100 antennas each and a user with one receive antenna, while
the Alamouti space-time code is using the 2 x 1 configuration.
The STCM-MIMO and Alamouti simulations also take into
account the interference of two other users by introducing
the interfering users’ signals and channels to the individual
simulations—this is done to demonstrate the interference can-
celing abilities of the massive MIMO portion of the proposed
system, and to maintain equal conditions for both simulations.

Both the STCM-MIMO and Alamouti Code are similar in
their signal combining at the receiver and signal estimation,
and both have their signal power normalized. In the simu-
lations, we consider Rayleigh fading wireless channels and
AWGN. The STCM-MIMO simulation performed with signifi-
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Fig. 4: Space-Time Massive MIMO Vs. Alamouti 2x1

cantly improved efficiency over the Alamouti 2x 1 simulation.
The STCM-MIMO simulation reaches a BER of 1073 at a
signal to noise ratio (SNR) of 4 dB, which is 4 dB better than
the Alamouti simulation, where it reached a BER of 1073
at an SNR of 8 dB. As SNR becomes higher, the STCM-
MIMO simulation produces a BER of 10~* at an SNR of 5
dB, whereas, the Alamouti simulation reaches a BER of 10~*
at an SNR of 11 dB, a 6 dB difference.

Figure 5 demonstrates the effect that increased user density
has on the STCM-MIMO system. In the simulation, 100
transmitting antennas per array are utilized to evaluate 5, 10,
and 20 users. As the ratio of transmit antennas to number of
users gets smaller, the interference becomes more noticeable
and can affect the clarity of the signal to the desired user.
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Fig. 5: 100 TX Antennas with Varying User Density

The simulation demonstrates that at 100 transmit antennas
and 5 users, the BER approaches 10~° at an SNR of 8 dB, but
appears to be leveling out where it converges with the value
of the interference of the five users. At 10 users, the BER
converges to 10~2 at an SNR of 8 dB, and at 20 users, the
BER converges at 102 at an approximate SNR of 6 dB. This
BER convergence can be reduced to much smaller values for
increased reliability performance by introducing more transmit
antennas.

Figure 6 demonstrates the STCM-MIMO performance with
5, 10, and 20 users, but with 600 transmit antennas per antenna
array. The BER convergence is significantly smaller and the
reliability is not nearly as affected as it was in the simulation
in Figure 5.
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Fig. 6: 600 TX Antennas with Varying User Density

The simulation produced a BER of 107> at an SNR of 5 dB
with 5 users, which performed only 0.5 dB better than when
10 users were simulated. When 20 users were simulated, the
BER of 10~5 was reached at an SNR of 7dB, approximately
2 dB worse than when five users were simulated. Figure 6
shows that by adding additional transmit antennas, the signal
can remain very reliable for a growing user density.

6 Conclusion

The study in this research has shown that the proposed
space-time coded massive MIMO performs more efficiently
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than the Alamouti coding scheme. Space-time codes provide
transmit diversity, which allow the signal an opportunity to
retain their data if a symbol is lost during the transmission.
Massive MIMO systems enable a spectrum efficient multi-user
wireless communication system. By combining the space-time
coding techniques with a massive MIMO system, a space-time
coded massive MIMO system can be created that offers the
benefits of both technologies.
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